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ABSTRACT

Field and modelingstudleawere perf’omedto characterizetwo-phaseflow within the natural
cleat structur?of an upPerL’?et.aoeoutInubbituminousooel seam. A tw boreholepatternwtth open
completionwas used tn a ntudy of dewaLeringand traoer residencetime distribution. Air waa
pumped into a five meter thiok sum looatedabout 170 ❑eters below the surf’aoe.Krypton 85 was
used as the airborne traoer. Aim inflou and air and water poduotion rates and traoer arrival
timeswere ❑onitored. The field testewere almulatedwith ● two-phmeethree componentporous flow
oode. Resultsshoned that the air inflowand air and water outflowrutes and breakthroughtimes
oould not be ❑odeled assuminga uniformdarcy-typepermeability.The use of a preflauredependent
permeabilitydid provide,however,a moh bettermatahwith the fielddata.
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INTRODUCTION

A primary technical requirementfor
the operationof undergroundcoal gasifica-
tion and most otherin situ technologiesis.—
the ability to create and to ❑aintain an
optimal !’lw pattern within tt,e desired
processing region. Many approaches have
been tried in an effort to engineer and
thus controlthe flow of the working fluid
through the geomedium. These include rub-
blization,fracturing,and various linklrig
methods. A first and esuential step in
initiating and subsequently maintaining
desiredflow patternsin a @eomediuini3 to
know somethingabout the naturally occur-
ring flow paths and behavior of the pro-
poged working region. Only recently, in
the latest Hanna field experiments, uid
this need to know the flow characteristics
of the coai formation become clearly
detionstreted.A local fracturein the coal
seam preventedthe formation of a normal
flew pattern i?ildadversely affected the
subsequent hu”n at that site. Other
problemsin fl)w control,such as override,
have ooourrci at underground coal con-
version (UCC) tests in both Texasl and
uyomillg.~-~,

Experienceto this point has shown
that the flow pntternk:thin the formatio
is a key faotor to tha suocess of UCCI

and thct tha developmentwork to date has
not solved this imp~rtantdes~gn problem.
The work desoribed in this p&per is a
beginning qffort to ❑ore fully understand
and oharac’;o~izethe preburn flow struoture
of a subbltuminousooal by the use of air
acceptance,dewatering,and traoemstudies.

Several attempts at studving flOw
within ooal have been undertaken. Interest
in the nat]ral flow struoture of 6. ooal
formationhas been limitedto oases where a
highly permeablezone surroundedthe 00a1
seam. AB wa8 demo,18trated$y the reoent
Hanna IV test axperienoe, thorough
knowledge of the naturml flow bvironment
is extremely important a.inoefaultn and
highly s?’meableZOPOS will Ilffectthe sub-
sequent prooeasing atepa. Prior to thlo
work, Proburnstudieson the flow struoture
of a aoal eam hnve been limitedprimarily
to hydrologytests that oan only givg area
averag~d flow oondit.ionsnnd a general in-
dloation of dirnatlonal permeability,
whereas detailed information, indiouting,
0.S., faultS and highly parmeablezones, is
probnblynot det.coked.Modolirgstu[!ienof

th~ naturalflow and dawater~.ngprooeashas
●lso been limlted. Strioklanfi and
Jonnings5moduled tho prGblom of a highly
pnnneablewriternknd zone ahov~ Nnd bnlow
the 00N1. ?h(y Uned a two-dlmen.llonal
(r- z), two-phaao (a r/watnr), finite
difforenoe numorioalsimulatorto Mlrnuiat.e

the effects of tne highly permeable sand
formation. The resultsshowed how the air
bypassed the coal sezm and followed ;he
more permeablesand formation. The:~ sim-
ulation was f’OF a single well and did not
show the effects of a production well,
Also, nc tracer studies were performedat
their site.

In general, the use of tracers6has
been limitedto studyingthe coal seam fol-
lowingsome type of disturbanceto the for-
mation, i.e., after fracturing,during re-
verse linking, or forward gasification.
Tracer studieshave shown their ver~at~lity
during Ucc bu~ns at Hoe Cpnekz and
Hanna.4 A tracer has been used to inves-
t,~.gatethe growth of the burn oavity and
the nature of the link during reversecom-
bustion. Tne model interpretationof the
data was limited to either oimple arrival
time and aotive void volume determination
or steady state two-dimensional,single-
phase❑odeling.

Previous studies heve not inve9ti-
gatsd in detail the preburn,two-phaseflow
characteristicswithin a ooal seam, In the
present investigationof undergroundcoal
conversion (UCC) in New Mexioo, an inte-
grated prcgram has been followed11}d*tei-
mining :he suitability of UCC in this
region.

UCC STUDIESIN NEW M3XIC0

The study of UCC in the San Juan
Basin of New Mexico be an in 1977 with

‘$laboratory Investigations of the ooal.
These tests indioated that the Sen Juan,
Fruitland formation oontained a shrinking
aubbiturninous00U1 that i~ very simi’ar
ohemioally to the Hanna, Wyomi?g, ooal
whet’esuooessfulUCC tests have been per-
formed, Subsequent studies in Now Mexico
have foousedon a detailedoharaoteriz-tion
of the gooohemiunland geophysoal proper-
ties of ● proposed UCC ~ited-lo ,ooate~
in the northwestoornerof the basin,about
15 miles west of Farmington,New Mexloo,
mnd dirootlyeast of the San Juan Oentrat-
ing Station.

The presentstudy is a mod~llngannl-
ysis with fi?ld verificationof tho proburn
two phaso flow oharaotorjstioswithin the
five-meterooal seam ●t tho San Juan L?C
test site. A two-holepattornwas drilled,
thsn oorod and oomented,as nhown in Fig.
1. Open completionwae made in the ooal.
Air ●ooeptmnoeand traoer to?ie wore per-
formed in July, 1979. A ~eaoriptionof the
geology●nd hydrologyof the site waa pre-
sented by Nuttall et nl,e ●nd the results
of the olurrontfield test ware given by
Williamaand Nuttall,ll
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Tho ob.jmtives of the modallng and
field study Hare to oharaoterize the
natursl Ila paths within the ooal seam.
The process of air acoeptanoe, deuatering,
and traoer inJection mn simulated, using
en advancul tephaae geaedia traneport
coda. Field dati oonaieting of ●ir in flai
ratea, watw and ●ir production ratea, ana
traoer ourvaa were aapard to the ■cdel
preeictlom. Rcwlta auggaat that the ●ir
flcu uaa primmrily through aleata or Jointe
within the aoal ●nd that. the aompaaite of’
ffeld dmte can to interpreted by mnauming a
prasaure depandent permeability within the
seam.

A description of the model and an
analysla of the field teat data ara pre-
sented in tha Folltilng sections.

Computor atiulationa deaarlbd ill
this paper were made with a ❑ultidimen-
aional, throa-oomponent, two-phaae ❑aaa and
heat tranaport ❑cdel Oallad UAFE. 12
Although tha ●pplicmtiona in this study do
not exeroiaa the full c,~pabilitlea of the
modal, we neverthalesa will give ● oaplete
(butbrief) description ofWAFE.

The HAFE ❑odel oonaiata of conaerva-
ti on equatlona of ~as, momentum and
●nerw, and aquntlonn of atata and oonsti-
tutive ralationa, e.g., for ●ffectiva par-
meabi lity. In ● non-reacting ayatm aach
moleoular species must be oonaarv~. MAFE
●lloue three aomponenta: a noncondenaable
gaa, H20 (liquid and vapor) nnd ● traoer
gma. Tha ❑aaa conasrvatlon aqumtiona for
thesa ●re

:l(rl,_)
gaa [. ++’; .(,, v )

K Nv
.

- Cs +“:.1!
Ri!

;I(fllv+wr)
H20 ,

Jt
+ V.rf, vti”v+lpl)

-1 !iv+vdv

:)(~i(:l ) + V.(ll, i(:no, ) ■ , :
‘raomr ‘ y+ ,1

+ v“[((l’il)*,,yv(:,,~Dv(llic(,))]

(1)

(2)

(1)

Ths laat term of (3) lnoludea both ●olanu-
lar diffusion and ●eohaniaal diaperalan.
Diaperaion la rapreaented in full te~aor
rom

( 1 ,,) yl)q(r@,A)~ij - n,,vm
11

+(A -n (L)

where tko ilumtion q la that givm by

Bear. 13 The tracer gas can exist in
either phaae tut at present cannot move
from one phnaa to the other.

HAFE aolvea two energy equationa, one
for the fluid and another for the matrix.
When flw ratea are large and/or matrix
partiolas are larga, fluid and matrix will
not nmoeasarily be in thermodynamic
equilibrium.

.
-r~ r - P(l’f-Tm)+V*iigv (5)

~Fm
~trix (]-L) — - v.c ~Tm

fit

+ I{(Tf-Tm)+(l-[) ;,m (6)

The term ({(Tr - Tm) repraaenta haa t
tranafer batueen fluid and “averagem matrix
graina.

fn a porwa medium, For 10U to modar.
ate flau retea, the mommnturn conservation
equationa aan be approximated by expres-
alona of the Forohheimer type

(1 +a Rei) ~i - - -Q(vl’i+(ll;) (7)

At 10U Reynolds numbw, (7) raducea
to Daroyvs law. At higher Reynolds number
(1-100), nonlinear ●rfeata beoome impcrta:~t
and (7) la ❑ush ❑ore acourate t:lan a simple
Daroy ~o,mula’ion.

To oomplete the ❑odel, aquationm of
state and aertain oonatitutlve ralationa
aro neaded. The nonaondenaable oomponent
is F.pmntd ●Y ● psrfect gaa and tables are
used for tht thermodyncmio propertlea of
H?O, I{quli a~ld vapor. Effeotrive per-
❑eability for e,wh phaae dependa on phaae
aatl:ratlon, aapillary pressure and pressure
gridienta. Fluid viaoomiti?a are mtrongly
temperature dependant. Derivation of equa-
tiona 1-7 for poroun ■edia oan be found in
.Ieforenoe 13.

HAFE nolvea equations 1-7 plus oqua-
tiana of state in Cartealan or oylindrlonl
geometry using a tinite differwtae oontrol
volume numerioal taahnique. Material pro-
perties oan vary spatially and ● variety of
boundary oondttiona are ●vailable. ‘i’ho
ooda la ilexlble in that it aan run tran-
mient, one- or tuo-dimonalonal
(3-D ia

probl=s
●vailable for traaer C1OU

●lonelq), using nne, two, or three wm-
ponentu under iaothamal or non-ieothemal
oonditionn for one- or two-phaae flaw.

CMWTER SIHULATIOHS

Tha flw ❑odal daaorlbad in t.h~
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precedingsectionwas used to simulatethe
field tests. The air injectiontests were.
oarrixlout over a period of about a month
(July, 1979). The time history is
complex- the air pumps were turned on for
severalhours,~p to a day, then shut of!’.
This on-off pettern -s repeated many
times. The resultingJ.nJectionand produc-
tion rates were, however,very reproducible
as seen in Figures 2-~. Pressure in the
injection hole, labeled CT-I, was main-
tained near 250 psia (1.’125MPa) during
pumping. This pressure varied by ag mucn
as 10Z during scxneruns. In the computer
simulations, the source, GT-1, wa3
idealized to en air-filledcylinder Main-
tainedat E constantpressureo!’250 psia.
[1.725MPa).

Porosityof Fruitlandcoal is approx-
imately 10$. The q situ permeabilityas
determinedfran a draud~test at the site
is 10 millidarcies. Capillary pressure
effects were ignored because of lack of
data. The ooal seam is below the water
table and was initiall: fully saturated.
The immobile water fraction, .%1, for
this material is unknown;we ❑ade calcula-
tionsfor 0$ .$wi.

Fcr the simulntion3,a planargeome-
try was used to show flow in a plane in the
ooal Sean pclrendicularto t~.d boreholes.
Variationsin flow with depth cre ignored
here. (Buoyancy effects, resulting in
over-ride, oan be significant,especially
as hole separation increases. Thret-
dimmsional calculationsfor a single well
in cylindrical geometry with axisyusnetry
using the WAFE model olearly show the in-
oreaaing importance of over-ride with dis-
tanoe from the air sourae. T),ree-
dirnensionalcalculations for a two-hole
pattern showing effect of huvyancywill be
the sub.jeotof ● future puper,) II the
vioinity of CIT-1and GT-2, the overburden
and underburdenmaterials have muoh lower
permeabilitythan the ooal seam, an ide.~?
aituntion, The oumpLtationalouter boun-
daries were kep~ at oonstant pressuro (180
psia, the far Iield ambient pressure)and
wers rla~ed at a large distanoe fran the
boret,oles,

The first simulation used a oonatant
10 md. permeability. The raa~lting ●ir
injection and ●ir ●nd water production
ratea were ●n ordar of magnitude off from
the observations nnd the breakthrough tim~
waa ae~~gral daya rather thap several
hours, Clearly, the ~aaumptiofl of ●

oo?mtant 10 md, permeability1s seriously
in error. We deoi.dedto try a pr~aau!’s
d~pendant permeability whlah J.noreaand
linearly from ICImd, at ambient pressure tri
1, duroy at 250 psla, At pranaur”ae balow
ambient (180 PGh), the pet’me~bllltywas

left at 10 md. If air and water flow is
predominantly through a fracture network,
internalpressurizationwould tend to open
up tt’.efractures, greatly Increasingtheir
effeotivepermeability.

The simulationusing pressure d6pen-

dent permeabilitygave much better agree-
ment with observations(see Figures 5-7).
Air inflow rate at GT-1 rises rapidly for
about an hour, then at a slower, ❑ore or
less constant rate; the air inflow is on
the order of 100 SCFM which is t:picalof
the field conditions. Air production at

GT-2 begins a few hours after start up,
rises rapidly and levels off around 12
sCF}4, in very good agreement with the
data. Breakthroughoocurs at GT-2 after
about five hours, which is somewhatlater
thm observed. Water pr>duct~on at CT-2 as
calculated by the model is too large.
Water outflow decreases from a maximum of
about 1500 gallday to a steady rate of
about 250 gallday, In the fieldwater pro-
duction at CT-2 ranged fr:~m an initial high
of several hundred gal/day down to 50-100
gal/day. Near the end ~f tPe field testing
period, a tracergas ( 5Kr) flow test was
carried out. Injectionoccurred in GT-l;
OT-2 was packed off into four monitoring
levels. Tracer concentrationhi.stcriesfor
each level are shown in Figure 8, Inflow
rates were not uniform for the four levels;
the uppermost q~adrant received at about
twice the rate seen in the lower sections,
The traoer test waJ simulatedwith the flow
model. The oaloulated concentration
historyat CT-2 is also shown in Figure 8.
Qualitatively the curves are very similar--
a rapid riqe to the maximum and then a
gra?ual deoline as traoer particles that
took more tortuouspatha through the coal
arriveat GT-2.

The qua itative dif!’erenoes in f’low
between the small, oonstant permeability
ease and the pressuredependentpermeabil-
ity oa~e are jlluatrated jn Figures 9-12,
These show pressure and water saturation
oontours~or the two simulationsat seleot-
ed times. (Only half of’tke ooal seam is
shown because of symuetry shout,the line
.jolningOT-I And OT-2.\ (IT-2has a strong
ef?eot on the flow in the 10 ❑d. permeabil-
ity Oa.eb, whereas ita lnf’luenoe on the
preaaure d~pendent permeability oas~ is
highly looallzed.

This aaloulationalstudy la not oom-
plete. Thare are m~ill a numberuf’faotors
to be oont+ideredwhloh may load to a ❑o)’e
●uaurata dtvsa~iption of the flow oharao-
tarlstloaof thin ooal seam. The oaloula-
tione irdioate small pressuregradientsLn
the ooal, (hiderthis ulraum!tanoe,oapil-
larY pressure (igtored here) may have a
aignifioant.retarding effeot on water
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flow. Also, the immobile water Fraction
and buoyancy effects can alter F1OW pat-
terns and rates. There are also other data
setg from this field experiment that have

not been analyzed, such as decompression

tests. Finally, the intermittent nature of
the field te~ts ❑ay be informative. Adcli-
tional tests, involving four or five hole
patterns,are plannedfor the near future.
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